Glucose degradation pathways are central for energy and carbon metabolism throughout all domains of life. They provide ATP, NAD(P)H, and biosynthetic precursors for amino acids, nucleotides, and fatty acids. It is general knowledge that cyanobacteria and plants oxidize carbohydrates via glycolysis [the Embden-Meyerhof-Parnas (EMP) pathway] and the oxidative pentose phosphate (OPP) pathway. However, we found that both possess a third, previously overlooked pathway of glucose breakdown: the Entner-Doudoroff (ED) pathway. Its key enzyme, 2-keto-3-deoxygluconate-6-phosphate (KDPG) aldolase, is widespread in cyanobacteria, moss, fern, algae, and plants and is even more common among cyanobacteria than phosphofructokinase (PFK), the key enzyme of the EMP pathway. Active KDPG aldolases from the cyanobacterium Synechocystis and the plant barley (Hordeum vulgare) were biochemically characterized in vitro. KDPG, a metabolite unique to the ED pathway, was detected in both in vivo, indicating an active ED pathway. Phylogenetic analyses revealed that photosynthetic eukaryotes acquired KDPG aldolase from the cyanobacterial ancestors of plastids via endosymbiotic gene transfer. Several Synechocystis mutants in which key enzymes of all three glucose degradation pathways were knocked out indicate that the ED pathway is physiologically significant, especially under mixotrophic conditions (light and glucose) and under autotrophic conditions in a day/ night cycle, which is probably the most common condition encountered in nature. The ED pathway has lower protein costs and ATP yields than the EMP pathway, in line with the observation that oxygenic photosynthesizers are nutrient-limited, rather than ATP-limited. Furthermore, the ED pathway does not generate futile cycles in organisms that fix CO 2 via the Calvin-Benson cycle.
Glucose degradation pathways are central for energy and carbon metabolism throughout all domains of life. They provide ATP, NAD(P)H, and biosynthetic precursors for amino acids, nucleotides, and fatty acids. It is general knowledge that cyanobacteria and plants oxidize carbohydrates via glycolysis [the Embden-Meyerhof-Parnas (EMP) pathway] and the oxidative pentose phosphate (OPP) pathway. However, we found that both possess a third, previously overlooked pathway of glucose breakdown: the Entner-Doudoroff (ED) pathway. Its key enzyme, 2-keto-3-deoxygluconate-6-phosphate (KDPG) aldolase, is widespread in cyanobacteria, moss, fern, algae, and plants and is even more common among cyanobacteria than phosphofructokinase (PFK), the key enzyme of the EMP pathway. Active KDPG aldolases from the cyanobacterium Synechocystis and the plant barley (Hordeum vulgare) were biochemically characterized in vitro. KDPG, a metabolite unique to the ED pathway, was detected in both in vivo, indicating an active ED pathway. Phylogenetic analyses revealed that photosynthetic eukaryotes acquired KDPG aldolase from the cyanobacterial ancestors of plastids via endosymbiotic gene transfer. Several Synechocystis mutants in which key enzymes of all three glucose degradation pathways were knocked out indicate that the ED pathway is physiologically significant, especially under mixotrophic conditions (light and glucose) and under autotrophic conditions in a day/ night cycle, which is probably the most common condition encountered in nature. The ED pathway has lower protein costs and ATP yields than the EMP pathway, in line with the observation that oxygenic photosynthesizers are nutrient-limited, rather than ATP-limited. Furthermore, the ED pathway does not generate futile cycles in organisms that fix CO 2 via the Calvin-Benson cycle.
glucose degradation | Entner-Doudoroff-pathway | Embden-MeyerhofParnas pathway | oxidative pentose phosphate pathway | endosymbiotic gene transfer T he breakdown of glucose is central for energy and biosynthetic metabolism throughout all domains of life. The Embden-Meyerhof-Parnas (EMP) pathway (glycolysis) and the oxidative pentose phosphate (OPP) pathway are the backbones of eukaryotic carbon and energy metabolism (1, 2) . They generate ATP, NAD(P)H, and biosynthetic precursors for amino acids, nucleotides, and fatty acids. Prokaryotes, in contrast, exhibit a broad diversity in sugar oxidation pathways (3) (4) (5) . These routes differ in ATP yield, in the enzymes and cofactors involved, and in the chemical intermediates of the pathways. The most common glycolytic routes in prokaryotes are the EMP, ED, and OPP pathways (Fig. 1) . The key enzyme unique to the ED pathway is 2-keto-3-deoxygluconate-6-phosphate (KDPG) aldolase (Eda), whereas phosphofructokinase (PFK) is unique to the EMP pathway in the catabolic direction (3, 6) . KDPG as a metabolite is exclusively found in the ED pathway (Fig. 1) . The first two steps of the OPP pathway are catalyzed by glucose 6-phosphate-dehydrogenase (Zwf) and 6-phosphogluconate dehydrogenase (Gnd). As the pentose phosphate pathway can either run in its oxidative mode (OPP pathway) to oxidize carbohydrates or in its reductive mode (Calvin-Benson cycle) to fix CO 2 , it is tightly regulated. Zwf plays a central role in the finetuning of the OPP pathway and the Calvin-Benson cycle to prevent futile cycles (7) (8) (9) . However, Zwf is not unique to the OPP pathway, as its product 6-P gluconate can also be further metabolized in the ED pathway. Cyanobacteria and plants are known to oxidize carbohydrates via either the EMP pathway or the OPP pathway ( Fig. 1) (10-12) .
Growth Behavior of Mutants Missing Selected Enzymes of Known Glycolytic Routes in Synechocystis
The cyanobacterium Synechocystis sp. PCC 6803 is able to assimilate glucose from its environment and to switch from autotrophy to mixotrophy, thereby significantly enhancing its growth (Fig. S1 ). To evaluate the physiological significance of known glycolytic routes in cyanobacteria, we deleted the genes for both isoforms of pfk -pfkB1 and pfkB2 -and zwf from the genome of Synechocystis (Fig. S2A ). For clarity, the mutant ΔpfkB1ΔpfkB2 will be named Δpfk throughout this report. The Δpfk and Δzwf mutants and the ΔpfkΔzwf mutant exhibited enhanced growth under mixotrophic (light and glucose) compared with autotrophic (light) conditions ( Fig. 2A) , despite lacking essential enzymes for both the EMP pathway and the OPP pathway, indicating that this cyanobacterium has an additional route of glucose degradation. Synechocystis is thought to phosphorylate glucose via glucokinase to glucose-6P, which is then further oxidized either via the EMP pathway or the OPP pathway ( Fig. 1) (13) . We wondered whether the ΔpfkΔzwf mutant might bypass glucokinase via a concerted action of a glucose dehydrogenase (Gdh) and a gluconate kinase to form 6P-gluconate, which could then be further metabolized via Gnd in the OPP pathway ( Figs. 1 and 2B ). We found a gdh candidate Significance Life on Earth is substantially driven by a circuit of photosynthesis and glucose oxidation. Photosynthesizers capture sunlight and store its energy in the bonds of carbohydrates. Oxidation of carbohydrates provides organisms with a source of ATP and organic carbon for the synthesis of cellular building blocks. Our data provide strong evidence that the EntnerDoudoroff pathway of glucose degradation, which has been previously long overlooked, operates in cyanobacteria and plants. Phylogenetic analyses reveal that the cyanobacterial ancestor of plastids transferred this glycolytic route, via endosymbiotic gene transfer, to the plant lineage. (sll1709) in the Synechocystis genome (Fig. S3) , which we deleted, resulting in the mutants Δgdh and gdh/ΔgdhΔpfkΔzwf. Whereas the putative gdh could be completely deleted from the WT, this was not possible in ΔpfkΔzwf, indicating that the gene is essential in this mutant ( Fig. S2 B and C) . Δgdh had an aberrant growth phenotype under mixotrophic conditions, and gdh/ΔgdhΔpfkΔzwf could no longer enhance its growth under mixotrophic conditions (Fig. 2B) . To test whether 6P-gluconate is metabolized in the OPP pathway via Gnd, gnd was deleted from ΔpfkΔzwf to interrupt the assumed bypass at a later step in the reaction sequence (Fig. S2D) . However, ΔgndΔpfkΔzwf grew under autotrophic conditions and still showed enhanced growth under mixotrophic conditions (Fig. 2C) , strongly suggesting that Synechocystis possesses an additional, thus far unrecognized, pathway of glucose degradation.
Evidence for an Operating ED Pathway in the Cyanobacterium Synechocystis A search of the Synechocystis genome for genes of the ED pathway uncovered candidates for 6PG-dehydratase (edd, slr0452) and the key enzyme KDPG aldolase (eda, sll0107) ( Table S1 ).
The candidate KDPG aldolase (Sll0107) of Synechocystis was tested for enzyme activity in cell-free homogenates. sll0107 was cloned for overexpression in Synechocystis into p2M2-Pcpc560ter (14) . KDPG aldolase activity was not detected in cell-free homogenates of the Δeda mutant but was measured in cell-free homogenates of Δeda/cpc::eda Synechocystis , in which Sll0107 was overexpressed. In addition, Sll0107 was purified with a his-tag via a Ni-NTA column. Both enzyme assays showed the same biochemical characteristics. A K M value of 0.095 mM for the KDPG aldolase of Synechocystis was obtained ( Fig. 3A and Fig. S4A ). No activity was measurable when 2-keto-3-deoxygluconate was tested as a substrate in the same concentration range. This establishes that Sll0107 does not operate in a nonphosphorylating ED pathway (15) but is a functional KDPG aldolase of the phosphorylating ED pathway.
Deletion mutants for sll0107 were constructed. To determine whether the ΔgndΔpfkΔzwf mutant bypasses the EMP and OPP pathway via the ED pathway, the KDPG aldolase (eda) was deleted both in this mutant and in the WT, resulting in ΔedaΔgndΔpfkΔzwf and Δeda (Fig. S2E) . Δeda was impaired in its growth under mixotrophic conditions, but more important, ΔedaΔgndΔpfkΔzwf showed no enhanced growth under mixotrophic conditions (Fig. 2D) . In contrast to eda (sll0107), the gene edd (slr0452) could not be completely deleted from all genome copies of Synechocystis (Fig. S2F) . We hypothesize that the encoded enzyme might be involved in the synthesis of the branched chain amino acids valine and isoleucine, as well as the conversion of gluconate to KDPG, as it was shown for the dihydroxyacid dehydratase of the archaeon Sulfolobus solfataricus (16). However, the merodiploid mutant edd/Δedd had a similar growth phenotype as Δeda (Fig. 2E) . Furthermore, gluconate, the metabolite of the assumed bypass via Gdh and gluconate kinase, was present in WT and ΔpfkΔzwf. Most important, KDPG, the metabolite unique to the ED pathway, could be detected in the WT and ΔpfkΔzwf (Fig. 3B) We checked the ΔpfkΔzwf mutant for any glucose-6P dehydrogenase (G6PDH) activity. As expected, no G6PDH activity was detectable, in contrast to the WT (Fig. S4 B and C) . The KDPG in ΔpfkΔzwf thus has to originate from a pathway not involving Zwf. Collectively, this indicates that the assumed bypass is present, and it clearly establishes that the ED pathway operates in Synechocystis in vivo. The most common glycolytic routes in prokaryotes. EMP, often simply referred to as glycolysis, is shown in red with key enzyme PFK; the OPP pathway is shown in blue with enzyme Zwf; and the ED pathway is shown in green with key enzyme KDPG aldolase (Eda). Reactions that are shared by all pathways are shown in black. The EMP and OPP pathways are known to operate in cyanobacteria and plants. We show that in addition, the ED pathway operates in cyanobacteria and plants. Eda, KDPG aldolase; Edd, phosphogluconate dehydratase; Eno, enolase; Fba, fructose bisphosphate aldolase; Gdh, glucose dehydrogenase; Gk, gluconate kinase; Gnd, 6-phosphogluconate dehydrogenase; Pfk, 6-phosphofructokinase; Pgi, phosphoglucose isomerase; Pgk, phosphoglycerate kinase; Rpe, ribulose-5-phosphate epimerase; Rpi, ribulose-5-phosphate isomerase; Tal, transaldolase; Tim, triosephosphate isomerase; Tkt, transketolase; Zwf, glucose-6-phosphate dehydrogenase.
Physiological Significance of the ED Pathway in Synechocystis To evaluate the physiological importance of the ED pathway compared with the EMP and OPP pathways in Synechocystis, Δeda, Δpfk, Δzwf, and Δgnd were grown under mixotrophic conditions in continuous light, and additionally under autotrophic conditions in a dark/night cycle, probably the most common condition encountered in nature. Under both these conditions, Synechocystis suffered most in growth when the ED pathway was interrupted compared with other glycolytic routes (Fig. 4 A and B) .
Occurrence of the ED Pathway in Cyanobacteria
The ED pathway has not previously been described in cyanobacteria, but BLAST searches revealed that KDPG aldolase is widespread among cyanobacteria (Table S1 ).
In fact, 92% of all sequenced cyanobacteria possess a KDPG aldolase, but only 57% possess PFK. 49% harbor both a KDPG aldolase and PFK, 8% possess only PFK, and 43% possess the KDPG aldolase but no PFK (Table S1 ). This distribution pattern indicates that the ED pathway is an important pathway of glucose degradation in cyanobacteria and is even more widespread than the EMP pathway in this group.
Occurrence of the ED Pathway in Moss, Fern, Algae, and Plants To check whether the ED pathway might also occur in other oxygenic photosynthesizers, Blast analyses were performed. Both Edd and KDPG aldolase were found to be present in moss and fern and widespread in algae and plants (Table S2 and Figs. S5 and S6). Phylogenetic analyses reveal that both plant enzymes branch with their homologs from cyanobacteria, indicating that they were acquired from the ancestors of plastids via endosymbiotic gene transfer (Figs. S5 and S6 ).
Evidence for an Operating ED Pathway in the Plant Barley (Hordeum vulgare) To test whether the putative plant KDPG aldolase is functional, the candidate gene BAJ87430 from barley (H. vulgare) was amplified from seedling cDNA. The protein was overexpressed in Escherichia coli, purified to apparent homogeneity via Ni-NTA, and subjected to a coupled enzyme test using lactate dehydrogenase. It had a K M value of 0.35 mM for the conversion of KDPG to GAP and pyruvate (Fig. 5A) , close to the K M of the KDPG aldolase from other organisms (17, 18) . In addition, 2-keto-3-deoxygluconate was tested as a substrate in the same concentration range to test whether the enzyme might participate in a nonphosphorylating ED pathway (15) . No enzyme activity was detectable with 2-keto-3-deoxygluconate, indicating that higher plants, similar to cyanobacteria, possess a KDPG aldolase from the phosphorylating ED pathway. Glycolytic routes are especially important in periods of growth for the supply of ATP, NAD(P)H, and biosynthetic precursors. Therefore, mRNA was isolated from germinating barley seedlings during a period of 8 d and subjected to RT-PCR. The KDPG aldolase gene was expressed throughout this period during germination and early seedling development (Fig. 5B) . Furthermore, KDPG, the metabolite unique to the ED pathway, was detected in roots of barley seedlings (Fig. 5C ), indicating in vivo that this pathway operates in plants.
Collectively, our data thus indicate that the ED pathway operates in cyanobacteria and plants.
Discussion
Most enzymes involved in the EMP pathway are bidirectional, either serving the degradation of glucose (glycolysis) or working in the opposite direction in gluconeogenesis. However, PFK is unique to the oxidative direction of the EMP pathway (6), so its absence from the genome most likely results in the lack of this pathway, even if all other enzymes belonging to the EMP pathway are present. All open ocean species that thrive in nutrient-depleted habitats, such as Prochlorococcus, Crocosphaera, Synechococcus, and Trichodesmuim, possess a KDPG aldolase but are devoid of a PFK (Table S1 ). Those few cyanobacteria (8%) that lack a KDPG aldolase thrive in freshwater, which is generally richer in nutrients. The cyanobacterium Prochlorococcus was recently found to take up glucose from its environment (19) . As its genome lacks PFK, the key enzyme of the EMP pathway, the authors concluded that Prochlorococcus metabolizes glucose in the light exclusively via the OPP pathway (19, 20) . However, the OPP pathway is known to be down-regulated in the light and fine-tuned under mixotrophic conditions, so as to prevent a futile cycle with the Calvin-Benson cycle (21, 22) . We therefore suggest that Prochlorococcus might oxidize glucose via the ED pathway under mixotrophic conditions, as shown for Synechocystis. If one molecule of glucose is metabolized via the EMP pathway, the cell gains two ATP and two NADH; if it is metabolized via the ED pathway, it gains one ATP, one NADH, and one NADPH. At first sight, the EMP pathway looks beneficial, as its ATP yield is higher. However, cyanobacteria in the open ocean should not be ATP-limited, as they perform photosynthesis, and light is unlikely to be a limiting resource in this habitat. The ED pathway has a higher thermodynamic driving force than the EMP pathway because of its lower ATP yield, and it furthermore requires 3.5 times less enzymatic protein to achieve the same glycolytic flux as the EMP pathways (3). Flamholz et al. thus argue that the choice between the EMP pathway and the ED pathway is a tradeoff between ATP yield and protein costs (3). Cyanobacteria, algae, and plants in general are nutrient-limited, rather than ATP-limited. Algae, plants, and cyanobacteria even possess non-energy-conserving bypasses in their respiratory chains (12, 23) that should enable the oxidation of carbohydrates for biosynthetic purposes when ATP is oversupplied. It therefore makes perfect sense that cyanobacteria rely on the ED pathway rather than on the EMP pathway, and that cyanobacteria from the open ocean, such as Prochlorococcus, that streamline both their genome and proteome to adapt to nutrientdepleted conditions (24, 25) , even seem to omit the upper part of the EMP pathway. Further research is needed to substantiate these hypotheses.
Cyanobacteria have long been thought to degrade glucose mainly via the OPP pathway, rather than the EMP pathway (10, 13, 21, 26) . Furthermore, cyanobacterial glycolytic routes were perceived of being foremost important under heterotrophic conditions in the dark (10, 13) . However, evidence is accumulating that mixotrophy (uptake of organic carbon in the light) among phototrophic cyanobacteria and algae has been dramatically underestimated, especially in aquatic habitats (27, 28) . Under these conditions, however, glycolytic routes have to run in parallel to the Calvin-Benson cycle. The diatom Phaeodactylum tricornutum was recently shown to harbor functional forms of Edd and Eda belonging to the ED pathway (29) . In contrast to the ED pathway, both the EMP and OPP pathways share several intermediates with the Calvin-Benson cycle (Fig. S7) . A simultaneous operation of Calvin-Benson cycle and either the OPP pathway or the EMP pathway might thus result in futile cycles that slow down CO 2 fixation rates, thereby enhancing oxidative stress (26) . This is not true for the ED pathway (Fig. S7 ) and might explain why Δeda compared with Δpfk, Δzwf, and Δgnd grew slower under mixotrophic conditions (Fig. 4A) . In addition, the ED pathway provides cyanobacterial cells, obviously with a selective advantage under autotrophic conditions in a dark/night cycle (Fig. 4B) , which might explain its high prevalence in photosynthesizing cells. The fact that the ED pathway is widespread in both cyanobacteria and plants indicates that it serves an important function. Otherwise, it would have been lost in evolution long ago. However, flux analyses are needed to quantify the relative contributions of EMP, OPP, and ED pathways to the degradation of carbohydrates in cyanobacteria and plants.
The present results show that cyanobacteria and plants possess an active ED pathway that was transferred from the cyanobacterial ancestors of plastids to the plant lineage. Oxygenic phototrophs thus possess three, instead of two, carbohydrate degradation pathways (Fig. 1) , whereof the ED pathway is a previously overlooked glycolytic route of high physiological significance in cyanobacteria.
Materials and Methods
Full protocols are available in the SI Materials and Methods. Generation of Synechocystis Deletion Mutants. Constructs for the deletion mutants were made by PCR fusion, as described (30) . The primers used are shown in Table S3 . In principle, an antibiotic resistance cassette was fused to approximately 200 bp directly up-and downstream of the gene to be deleted. The constructs were ligated in pCRII-TOPO (Invitrogen), sequenced, and transformed into Synechocystis to replace the respective gene by the antibiotic resistance cassette. Mutants were checked by Southern hybridization (Fig. S2) (30) .
Growth Conditions

Extraction and Identification of Metabolites via IC-ESI-MSMS Measurements.
Metabolites were extracted from Synechocystis and barley (H. vulgare) roots via methanol:chloroform:water. The separation and detection of metabolites was carried out using an ion chromatography system (Dionex Thermo Fisher) connected to a triple quadrupole mass spectrometer QQQ6490 (Agilent Technologies). Quantification was performed with authentic standards at different concentrations.
Overexpression and Purification of KDPG Aldolase of Synechocystis sp. PCC 6803. For homologous overexpression of the KDPG aldolase (sll0107), ORF was cloned into p2M2-Pcpc560ter (14) with a C-terminal His 6 -tag (for primers, see Table S3 ) and transformed into Δeda, resulting in the mutant Δeda/cpc:: eda Synechocystis . To purify the enzyme cells of the overexpression strain, Δeda/ cpc::eda Synechocystis were harvested, resuspended in 100 mM Tris at pH 8.0 and 150 mM NaCl, and broken with glass beads (diameter, 0.17-0.18 mm) by vortexing 10 min at 4°C. After centrifugation at 800 × g for 1 min at 4°C, the liquid phase was removed and centrifuged at 1,300 × g for 10 min at 4°C. The resulting homogenate was checked for unbroken cells under the microscope and, if necessary, centrifuged a second time at 1,300 × g for 10 min at 4°C to remove unbroken cells. The homogenate was applied on a Ni-NTA column. After it completely entered the column, it was washed four times with two column volumes (cvs) wash buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole at pH 8). Subsequently, the protein was eluted from the column by applying six times 0.5 cvs elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole at pH 8) and collecting the eluate in 0.5-cv fractions.
Overexpression and Purification of KDPG Aldolase of H. vulgare (Golden Promise). cDNA from a barley seedling was subjected to a PCR with primers specific to the KDPG aldolase of H. vulgare (BAJ87430; AK356212) ( Table S3) .
The ORF was fused to a C-terminal His 6 -tag and ligated into the pMAL-pIII (NEB), resulting in pMALeda H.vulgare His. This vector was transformed into E. coli [BL21(pLys3)] and induced with 0.4 mM IPTG for 24 h. After harvesting, the cells were resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole at pH 8) and incubated with 1 mg/mL lysozyme for 30 min on ice. Cells were lysed by six 10-s ultrasound bursts on ice with 10-s intermittent cooling periods. To remove cell debris, the homogenate was centrifuged at 20,000 × g for 15 min, and the supernatant was loaded on a Ni-NTA column. The column was run as described earlier for the purification of the KDPG aldolase from Synechocystis.
KDPG Aldolase (Eda) in Vitro Measurements. KDPG aldolase activity was measured by the production of pyruvate from KDPG. The isolated KDPG aldolases from Synechocystis and barley were used in 1-mL assays that contained 10 mM NADH, 5 U lactate dehydrogenase, and KDPG in a range from 0.02 to 8 mM in 100 mM Tris, 150 mM NaCl at pH 8 at 32°C. The measurements were started by the addition of KDPG, and the consumption of NADH was followed at 366 nm.
In addition, KDPG aldolase from Synechocystis was also measured directly in cell homogenates of the overexpression strain Δeda/cpc::eda
Synechocystis
. In that case, homogenates were prepared by breaking the cells with glass beads, as described for the purification of the KDPG aldolase from Synechocystis (see above).
The total extract was used directly for KDPG aldolase measurements. Aliquots of the extract were incubated with different KDPG concentrations (0.02-0.7 mM) for 30 min. After 30 min, the samples were centrifuged for 5 min at 20,000 × g to remove the membranes. Subsequently, the amount of pyruvate generated was determined by measuring the absorption change at 366 nm after adding 10 mM NADH and 5 U lactate dehydrogenase. The extract of the mutant Δeda was used as a control and showed in all cases no production of pyruvate.
Glucose-6P Dehydrogenase (zwf) in Vitro Measurements. Glucose-6P dehydrogenase activity was measured in Synechocystis WT and ΔpfkΔzwf by the conversion of NADP to NADPH on addition of glucose-6P. A kinetic and an endpoint determination were carried out.
Phylogenetic Analyses. Homologous amino acid sequences were selected by an all-against-all bidirectional best BLAST hit approach. Pairwise hits were clustered into families using MCL (31) . Multiple sequence alignments were performed with MAFFT (32), and phylogenetic trees were generated with PhyML (33) .
